a Proline and valine exist in repetitive motifs in various structural proteins and play an important role in their physiological functions. Herein, we synthesized polypeptides that consist of di-and tri-peptide motifs containing proline and valine via chemoenzymatic polymerization. Di-and tri-peptide ethyl esters (ValGly-OEt, GlyProGly-OEt, and ValProGly-OEt) could be polymerized by papain, whereas proline and valine ethyl esters (Pro-OEt, Val-OEt) were inactive in chemoenzymatic polymerization because of their poor affinity for papain. The copolymer of ValProGly-OEt and ValGly-OEt being poly(ValProGly-coValGly), which is composed of a repetitive sequence of elastin, exhibited a temperature-dependent structural transition similar to tropoelastin. The post-polycondensation product of poly(ValProGly-co-ValGly) showed higher molecular weight and elastin-like thermal behaviors.
Introduction
Polypeptides are building blocks in various natural proteins. The chemical and biological properties of proteins depend on their amino acid sequence, referred to as their primary structure. According to the primary structure of proteins, their specific higher order structures are folded and formed to function. Due to their specific structures and functionality, they have been employed as biomaterials in various fields, including tissue engineering and biomedicine. [1] [2] [3] [4] [5] [6] [7] Structural proteins such as silk, collagen, and elastin are mainly composed of a highly repetitive sequence in which short polypeptide motifs periodically replicate. These repetitive sequences assemble into higher order structures with excellent mechanical properties. 6, 7 Structural proteins obtain their mechanical properties from certain important amino acids, such as proline in spider silk, collagen, and elastin. Proline exists in repetitive short peptide motifs in these structural proteins, such as glycine-proline-glycine (GlyProGly), in the major ampullate spidroin (MaSp) protein of spider silk 8 and glycine-proline-hydroxyproline (GlyProHyp) in collagen. 9 On the other hand, elastin contains valine-proline-glycine-valine-glycine (ValProGlyValGly) in its hydrophobic region, and its high elastic properties arise from the tandem sequence of ValProGlyValGly. 10 Both proline and valine are essential to realize such elasticity.
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Even though conventional solid phase peptide synthesis can be used for constructing precise target sequences, the tedious multistep reactions with several protection and deprotection steps restrict their large-scale production. 12, 13 Ringopening polymerization of amino acid N-carboxyanhydrides (NCAs) can also be widely employed for the synthesis of polypeptides with precise control of molecular weight. This method is beneficial for the preparation of di-or tri-block polypeptides but has a poor sequence control. 14 On the other hand, chemoenzymatic reactions have emerged as an advantageous method over other solutionbased syntheses because of their environmental benignity. These reactions are an atom-economical and facile approach that uses mild aqueous media and is scalable to industrial production. 15 Using chemoenzymatic polymerization, we have developed various polypeptides, including not only homopolymers but also random copolymers containing several amino acid residues. [16] [17] [18] [19] Previously, we demonstrated that synthetic multiblock polypeptides mimicking spider dragline silk were successfully prepared by the post-polymerization of poly(Lalanine) ( polyAla) and poly(glycine-r-L-leucine) ( poly(Gly-rLeu)), which have primary structures similar to crystalline and amorphous motifs in the sequence of native spider silk proteins, respectively. 20 Di-or tri-peptide esters are also available for use as monomers in chemoenzymatic polymerization, resulting in periodic primary structures. The protease-catalyzed polymerization of † Electronic supplementary information (ESI) available: Scheme S1, Fig. S1 AlaGly or LysLeu ethyl ester was performed by Gross et al., and the resulting polypeptides possessed alternating sequences that are hardly accessible by conventional polypeptide synthesis in solution. 21, 22 Recently, we also demonstrated that even an unnatural amino acid such as 2-aminoisobutyric acid (Aib) can be polymerized using a tri-peptide ester in which Aib is incorporated with L-alanine. 23 The resulting polypeptide possessed repetitive primary structures with AlaAibAla units. The periodic insertion of Aib units in the polyAla backbone could induce a substantial transition in the secondary structure from a β-strand to a helical conformation.
Results and discussion

Chemoenzymatic copolymerization
Herein, we synthesized tri-peptide ethyl esters where proline was sandwiched between amino acids with high affinity for papain. Valine was also polymerized using di-peptide or tripeptide ethyl esters (Scheme 1 and S1 †). These di-and tripeptide motifs are frequently observed in the repetitive motifs of structural proteins, especially elastin. Therefore, the chemoenzymatic copolymerization of these monomers can afford polypeptide materials with elastin-mimicking amino acid sequences. The chemoenzymatic polymerization was performed using papain as a catalyst in 1 M phosphate buffer solution (PBS) at pH 8.0 at 40°C; the results are tabulated in Table 1 . In the case of L-proline methyl (Pro-OMe) and ethyl (Pro-OEt) esters, no precipitation was observed after 2 h, unlike the polymerization of their hydrophobic analogues such as L-leucine and L-alanine esters (Run 1, 2). 24, 25 The inactivity of proline esters to papain-catalyzed polymerization may be related to the inability of papain to recognize proline residues, which possess a bulky cyclic structure. Because it was found that modification of Aib with protease-recognizable residues can mitigate a mismatch with the substrate pocket in papain, 23 the di-peptides Gly-L-Pro ethyl ester (GlyPro-OEt) and benzyl ester (GlyPro-OBn) were synthesized. The homopolymerization of GlyPro-OEt (Run 3) and its copolymerization using Gly-OEt (Run 4) were evaluated in the papain-catalyzed polymerization, but no precipitation was observed in either case. Prolonging the polymerization time (Run 5) and performing the copolymerization at a lower concentration (Run 6) for GlyPro-OBn provided the same results. Hence, we designed and synthesized novel tri-peptide ester monomers in which proline was sandwiched with natural amino acids, namely, Gly-L-Pro-Gly ethyl ester (GlyProGly-OEt) and L-Val-L-Pro-Gly ethyl ester (ValProGly-OEt), as HCl salts by the traditional solution method. 26 The chemoenzymatic polymerization of GlyProGly-OEt afforded a precipitate at 31% yield at a feed concentration of 1.0 M (Run 7), which was significantly different from previous results (Run [1] [2] [3] [4] [5] [6] . Thus, we concluded that the Gly units at both sides of proline is a key factor in papain recognition in this chemoenzymatic polymerization with proline residues. As another key amino acid residue in elastin, Val-OEt was also tested in the papain-catalyzed polymerization at different feed concentrations (Run 8-10). Even at a lower concentration with prolonged reaction time (Run 10), the polypeptide could not be obtained as a precipitate. Carbonate buffer solution ( pH 10) was also employed to promote the polymerization, which also did not afford a precipitate (Run 11). In contrast, the di-peptide L-Val-Gly ethyl ester (ValGly-OEt) could be polymerized at a feed concentration of 1.0 M to afford a precipitate (Run 12). These results also indicated that the Gly unit is a key factor in papain recognition in this chemoenzymatic polymerScheme 1 Chemoenzymatic polymerization of Pro-and Val-containing monomers using papain. S2 †) . Thus, we confirmed that papain acts as a catalyst and drives the polymerization reaction.
Chemical structure analyses by MALDI-TOF mass and NMR spectroscopy
The chemical structures of these products were confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and 1 H NMR spectroscopy. In its MALDI-TOF MS spectrum (Fig. 1a) , poly(GlyProGly) exhibited two series of products up to the monomer with an ethyl ester or carboxylic acid at the C-terminal end. The series of peaks with an interval of m/z 211, which corresponds to the GlyProGly tri-peptide unit, indicates the successful polymerization of GlyProGly-OEt. The polymer showed a relatively higher degree of polymerization than the values of previously reported polymer obtained by chemoenzymatic polymerization. 30, 31 The molar mass of poly(GlyProGly) was in the range from 400 to 2000 Da. In the MALDI-TOF MS spectrum of ValGly-OEt (Fig. 1a) , two series of peaks derived from poly(ValGly) up to the heptamer with a C-terminal ethyl ester or carboxylic acid were detected. The copolymer synthesized from ValProGly-OEt and ValGly-OEt, poly(ValProGly-co-ValGly), afforded peaks with various combinations of di-and tri-peptide units. Molar masses assignable to ValProGly/ValGly units with different ratios were observed, indicating the successful incorporation of both units in the polypeptide chain (Fig. 1b) . The copolymer from GlyProGly-OEt and ValGly-OEt, poly(GlyProGly-co-ValGly), also afforded several peaks corresponding to the molar mass of GlyProGly/ValGly units with different ratios (Fig. 1b) . In addition to the peaks of poly(GlyProGly-co-ValGly), the peaks derived from poly(ValGly) with ethyl ester and carboxylic acid Scheme 2 (a) Chemoenzymatic copolymerization of Pro-and Val-containing di-and tri-peptides using papain and (b) post-polycondensation of poly(ValProGly-co-ValGly). groups at the C-terminal end were also detected in both cases. This could be due to the high reactivity of the di-peptide ValGly-OEt compared to the tri-peptide GlyProGly-OEt. The tri-peptide esters GlyProGly-OEt and ValProGly-OEt and di-peptide ester ValGly-OEt were characterized by both 1 OEt shows peaks derived from both valine and glycine. The peak at 2.2 ppm of the methine proton and doublet of doublets for two -CH 3 groups indicate the presence of valine. The triplet peak at approximately 1.2 ppm and quartet at approximately 4.2 ppm for the ester of glycine, along with the glycine peaks, indicate the formation of the di-and tri-peptides containing both Val and Gly (Fig. S3 , S5, and S7 †). In the 13 C NMR spectrum, the 3 carbonyl signals for the tri-peptide unit and 2 carbonyl signals for the di-peptide unit were observed, indicating the successful formation of both the tri-and di-peptide esters (Fig. S4, S6 , and S8 †). Fig. 2 shows the 1 H NMR spectra of poly(GlyProGly), poly(ValGly) (Fig. 2a) , poly(ValProGly-coValGly) and poly(GlyProGly-co-ValGly) (Fig. 2b) . NMR spectrum of poly(GlyProGly-co-ValGly) also shows protons derived from both monomers, indicating the incorporation of both units in the polypeptide chain.
Secondary structure characterization by CD spectroscopy
It is well known that the ValProGly triad is responsible for the β-turn confirmation. 11 To examine the effect of ValGly on the resulting copolymers, we evaluated the secondary structures of the polypeptides in solution by circular dichroism (CD) spectroscopic analysis. All polypeptides were soluble in water except poly(GlyProGly), which was found to be insoluble. Thus, the CD spectra of the polypeptides were analyzed in 2,2,2-trifluoroethanol (1 mM, containing 0.1% trifluoroacetic acid) and are displayed in Fig. S9 . † The contents of the secondary structures were calculated using the DichroWeb online CD analysis server and are tabulated in Table S2 . † The CD spectrum of poly(GlyProGly) showed a positive peak centered at approximately 205 nm with a monotonic decrease at lower wavelengths, whereas the CD spectrum of poly(ValGly) showed a negative Cotton effect with negative and positive peaks at approximately 215 and 197 nm, respectively. Poly(GlyProGly) was likely to adopt a more disordered structure than poly (ValGly), which predominantly showed β-strand propensity. This was due to the bent structure of the proline units in poly (GlyProGly), as seen in the amorphous sequence of spider silk proteins showing an elastic nature. 8 The CD spectra of poly (GlyProGly-co-ValGly) and poly(ValProGly-co-ValGly) also showed a negative Cotton effect. Poly(GlyProGly-co-ValGly) adopted more β-strand structure than poly(GlyProGly). This result emphasizes that the ValGly unit is essential for inducing β-strands in the polypeptide chain. On the other hand, poly (ValProGly-co-ValGly) adopted a rather unordered structure in 2,2,2-trifluoroethanol. The secondary structure of tropoelastin (a soluble precursor of elastin) is known to vary in response to hydrophobic interactions at different temperatures, which, above a lower critical solution temperature (LCST), cause insoluble aggregation (coacervation). 32 The CD spectra of poly(ValProGly-co-ValGly), which possesses a sequence similar to the repetitive motif of elastin, were analyzed in water (1 mM) at different temperatures between 10 and 80°C to examine the thermal behavior of the polypeptide. Fig. 3 shows CD profiles in a second heating and cooling cycle to eliminate the thermal history of the sample. The secondary structure calculated using DichroWeb is summarized in Table S3 . † The initial secondary structure at 20°C was dominated by a β-strand structure (6.0% helix, 36.5% β-strand, 21.5% β-turn, and 36.0% unordered), which is largely consistent with the reported secondary structure of tropoelastin (3% helix, 41% β-strand, 21% β-turn, and 33% unordered). 32 As the temperature increased from 10 to 80°C, the CD spectra showed a remarkable change. Both positive and negative bands increased in intensity. The helical structure was more preferred at higher temperature (9.3% helix, 37% β-strand, 22% β-turn, and 31% unordered at 80°C), and the percentage of unordered structure decreased. This behavior was also observed for artificial elastin analogues.
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When the sample was cooled from 80 to 10°C, the unordered content increased with reversible decrease in the helical content. This clearly shows that poly(ValProGly-co-ValGly) undergoes a structural transition similar to natural elastin at elevated temperatures. Unfortunately, a clouding point was not observed for poly(ValProGly-co-ValGly) in water. Because the molecular weight of the obtained poly(ValProGly-co-ValGly) is low (below 1500 Da), the structural change is assumed to be so weak that aggregation cannot be induced by hydrophobic interactions. On the other hand, the CD spectra of poly (GlyProGly-co-ValGly) in water exhibit only a slight change at different temperatures ( Fig. S10 and S11 †). Therefore, both ValProGly and ValGly sequence units are essential for forming an elastin-like secondary structure.
Post-polycondensation of poly(ValProGly-co-ValGly)
According to the previous study, 20 we performed a post-polycondensation reaction of poly(ValProGly-co-ValGly) in the presence of polyphosphoric acid as a condensing agent at elevated temperature to obtain a higher molecular weight (Scheme 2b). The chain elongation was successfully achieved to afford the post-polycondensation product, PP-poly(ValProGly-co-ValGly), and the obtained polymer was analyzed by 1 H NMR spectroscopy and gel permeation chromatography (GPC). The number-and weight-average molecular weights (M n and M w ) and molecular weight distribution (M w /M n ) estimated by the GPC profile were 4900, 11 000, and 1.81, respectively (Fig. S12a †) . The molecular weights were determined by using polystyrene standards (Fig. S12b †) . In the case when protein molecular weight standards are used to determine the molecular weight (Fig. S12c †) , the molecular weight of PP-poly (ValProGly-co-ValGly) is slightly higher. Thus, the polystyrene standards could be applicable to determine the molecular weight of the polypeptide by GPC. Unfortunately, the obtained polymer showed poor solubility in water and common organic solvents, except for N-methyl-2-pyrrolidone (NMP) and TFA. The 1 H NMR spectrum of the sample was analyzed in TFA-d
and compared with that of the prepolymer, poly(ValProGly-coValGly), obtained in the same solvent (Fig. 4) . The 1 H NMR spectrum showed broad peaks, clearly indicating the higher molecular weight of the polymer. The peaks corresponding to both valine and proline residues are distinguishable. However, the peaks of proline at approximately 2.0-2.6 ppm overlapped with peaks of glycine at approximately 4.0-5.0 ppm. This could be attributed to the longer polypeptide chain and the change in the secondary structure of the obtained PP-poly(ValProGlyco-ValGly).
Thermal properties of PP-poly(ValProGly-co-ValGly)
To characterize the thermal behavior of PP-poly(ValProGly-coValGly), we performed thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements. The TGA profiles of poly(ValProGly-co-ValGly) before and after postpolycondensation showed a 5% degradation temperature (T d5 ) at 190°C regardless of the molecular weight (Fig. 5a ). The thermal stability and degradation behavior of PP-poly (ValProGly-co-ValGly) were obviously improved and changed by increasing the molecular weight. The DSC profiles of the first and second heating scans are shown in Fig. 5b . The poly (ValProGly-co-ValGly) prepolymer clearly showed a glass transition temperature (T g ) at approximately 80°C. This glass transition was reproduced even in the second heating cycle. This revealed that poly(ValProGly-co-ValGly) is dominated by amorphous structures. On the other hand, PP-poly(ValProGly-coValGly) showed no T g in either the first or second heating scans. This indicated that the increase in molecular weight restricts the polymer chain movement, which caused the T g to shift to a higher temperature. The T g of PP-poly(ValProGly-coValGly) might overlap with thermal degradation, since the T g of dehydrated elastin ranges from 190 to 200°C. 35, 36 To detect the T g of PP-poly(ValProGly-co-ValGly), we changed the heating and cooling rates at 10°C min −1 (Fig. S13 †) . However, the T g of PP-poly(ValProGly-co-ValGly) was not detected. The storage and loss moduli of PP-poly(ValProGly-co-ValGly) were characterized at different temperatures up to 120°C (Fig. S14 †) . The storage and loss moduli of PP-poly(ValProGlyco-ValGly) at 30°C indicate that the resultant polymer was relatively elastic. In addition, the elastin-like polymer became more elastic and softer at 50°C.
Secondary structures of PP-poly(ValProGly-co-ValGly)
The structure of poly(ValProGly-co-ValGly) was characterized by FT-IR spectroscopy before and after post-polycondensation, and the amide region of the IR spectra is shown in Fig. 6 . After post-polycondensation, a peak derived from the terminal ester group at 1750 cm −1 almost disappeared. This observation indicates that PP-poly(ValProGly-co-ValGly) has fewer terminal ester groups than the poly(ValProGly-co-ValGly) prepolymer as a result of the increase in molecular weight. In the amide I region, the sharp peak derived from the carbonyl group of the β-sheet structures at 1630 cm −1 decreased after the post-polycondensation reaction, and the amide I band was relatively broadened. In addition, PP-poly(ValProGly-co-ValGly) showed a slight shift in the amide II peak and a decrease in the amide III peak. This difference in IR spectra indicated that the post-polycondensation reaction induced disordered secondary structures.
Conclusions
In conclusion, we successfully polymerized di-and tri-peptide esters including key amino acids in elastin, namely, proline and valine, via papain-catalyzed polymerization. The modification of proline and valine, which are unfavorable substrates of papain, with a glycine unit allowed us to obtain polypeptides containing repetitive motifs similar to elastin. The copolymer poly(ValProGly-co-ValGly) with a sequence mimicking the highly repetitive sequence of elastin, ValProGlyValGly, was also synthesized. CD spectroscopic analysis revealed that poly (ValProGly-co-ValGly) exhibited a structural transition similar to tropoelastin. The chain elongation of poly(ValProGly-coValGly) was achieved by post-polycondensation. The higher-molecular-weight polymer obtained, PP-poly(ValProGly-co-ValGly), showed changes in secondary structure and thermal properties. The T g of PP-poly(ValProGly-co-ValGly) might be shifted to higher temperature compared to that of poly(ValProGly-co-ValGly), similar to elastin. 34 This work mirrors the syntheses of important natural structural proteins such as elastin, which could be used as structural materials in the future. This chemoenzymatic synthesis of polypeptides with periodic sequences will open the door for a new "eco-friendly synthesis" of polypeptide materials mimicking structural proteins.
Experimental
Materials
Papain was purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan) and used as received. The activity was approximately 0.5 U g −1 , where one unit is defined as the amount of enzyme needed to hydrolyze 1 mmol of N-benzoyl-DL-arginine p-nitroanilide per minute at pH 7.5 and 25°C. N-Methyl-2-pyrrolidone (NMP) and N,N-dimethylacetamide (DMAc) were dried over 4 Å molecular sieves. Diethyl ether and triethylamine were dried over 4 Å molecular sieves and stored under a nitrogen atmosphere. All the other reagents were used as received without any purification unless otherwise noted. Fourier transform infrared spectrophotometer (Shimadzu Corporation, Kyoto, Japan) with a MIRacle A single reflection ATR unit using a Ge prism. DSC measurements were conducted by using a DSC (PerkinElmer, MA, USA). The polymer sample of 3-5 mg was weighed and sealed in an aluminum pan, which was heated and cooled at 20°C min
to 150°C under a nitrogen atmosphere. The device was calibrated with an empty cell to establish a baseline and with indium to characterize the heat flow and temperature of the system. For the rheological analysis, powder samples were set in a rheometer (MCR302; Anton Paar, Austria) under a dry nitrogen gas flow. The measurement limit of the rheometer was approximately 0.1 Pa. The storage modulus (G′) and the loss modulus (G″) were measured by heating the sample from 30°C to 120°C with an increase of 10°C for each data point. The strain and frequency were 1% and 1 Hz, respectively. Measurements were performed at least three times for one data point.
Synthetic procedures
Synthesis of ProGly-OEt HCl salt. The proline (Pro)-containing di-peptide ProGly-OEt was synthesized via a modified conventional solution method according to a previously reported procedure. 23 To a flask equipped with an addition funnel and (20. 86 g, 109 mmol) in chloroform (117 mL) was added dropwise over 30 min, and the resulting mixture was stirred at −10°C for 30 min and then at 25°C for 24 h. The mixture was washed sequentially with water, 5% NaHCO 3 aq., and brine. The organic layer was dried with Na 2 SO 4 and concentrated using a rotary evaporator. The product was dried in vacuo to give Boc-ProGly-OEt in a yield of 30.95 g (94%). The obtained Boc-ProGly-OEt was then subjected to deprotection of the Boc group. To the solution of Boc-ProGly-OEt (28.0 g, 93 mmol) in dichloromethane (84 mL) trifluoroacetic acid (35.46 mL, 0.46 mol) was slowly added at 0°C under a nitrogen atmosphere. The mixture was stirred at 0°C for 10 min and then at 25°C for 24 h. After the solvent was removed under reduced pressure, the crude product was dissolved in dioxane/HCl (4 M, 56 mL). The solution was poured into diethyl ether. The precipitate was filtered, washed with diethyl ether, and dried in vacuo to afford ProGly-OEt as a white hygroscopic solid. The yield was 17.2 g (92%).
Synthesis of GlyProGly-OEt HCl salt. The proline (Pro)-containing tri-peptide GlyProGly-OEt was synthesized via a modified conventional solution method according to a previously reported procedure. 23 To a flask equipped with an addition funnel and a stir bar were added N-Boc-Glycine 3 and brine. The organic layer was dried with Na 2 SO 4 and concentrated using a rotary evaporator. The product was dried in vacuo to give Boc-GlyProGly-OEt in a yield of 21.35 g (75%). The obtained Boc-GlyProGly-OEt was subsequently subjected to deprotection of the Boc group. To the solution of Boc-GlyProGly-OEt (7.08 g, 23.6 mmol) in dichloromethane (21.0 mL) was slowly added trifluoroacetic acid (9.03 mL, 118 mmol) at 0°C under a nitrogen atmosphere. The mixture was stirred at 0°C for 10 min and then at 25°C for 24 h. After the solvent was removed under reduced pressure, the crude product was dissolved in dioxane/HCl (4 M, 14 mL). The solution was poured into diethyl ether. The precipitate was filtered, washed with diethyl ether, and dried in vacuo to afford GlyProGly-OEt as a white hygroscopic solid. The yield was 4.78 g (95%). The tri-peptide ValProGly-OEt and di-peptide ValGly-OEt were prepared using the same experimental procedure. respectively. The mixture was stirred at 40°C at 800 rpm for 2 h using an EYELA ChemiStation PPS-5511 instrument (Tokyo Rikakikai Co. Ltd, Tokyo, Japan). After 2 h, the reaction mixture was cooled to room temperature; the precipitate was collected by centrifuging at 9000 rpm and 4°C for 30 min. The crude product was washed twice with deionized water, centrifuged, and lyophilized to obtain poly(GlyProGly)-OEt as a white powder. The yield was 0.310 g (31%). Poly(ValGly) was synthesized by chemoenzymatic polymerization using the same experimental procedure. . The mixture was stirred at 40°C and 800 rpm for 2 h using an EYELA ChemiStation PPS-5511 instrument. After 2 h, the reaction mixture was cooled to room temperature; the precipitate was collected by centrifuging at 9000 rpm and 4°C for 30 min. The crude product was washed twice with deionized water, centrifuged, and lyophilized to obtain poly (GlyProGly-co-ValGly) as a white powder. The yield was 0.09 g (30%). Poly(ValProGly-co-ValGly) was synthesized by chemoenzymatic polymerization using the same experimental procedure.
Synthesis of poly(GlyProGly
Synthesis of polyPro and polyVal by chemoenzymatic polymerization
A solution of Pro-OEt hydrochloride (0.1 g, 0.56 mmol) in phosphate buffer (0.43 mL, 1.0 M, pH = 8.0) was polymerized by papain (28.00 mg). The final concentrations of Pro-OEt and papain were 1.0 M and 50 mg mL −1 , respectively. The other reaction conditions were same as poly(GlyProGly-co-ValGly). In addition to Pro-OEt, Pro-OBn and Val-OEt were polymerized by the same method.
Synthesis of poly(GlyPro) and poly(GlyPro-co-Gly) by chemoenzymatic polymerization A solution of GlyPro-OEt hydrochloride (0.1 g, 0.499 mmol) in phosphate buffer (0.374 mL, 1.0 M, pH = 8.0) was polymerized by using papain (25.00 mg). The final concentrations of GlyPro-OEt and papain were 1.0 M and 50 mg mL −1 , respectively. The other reaction conditions and purification method were the same as for polyPro. The same experimental procedure was followed for the homopolymerization of GlyProOBn. For poly(GlyPro-co-Gly), a solution of GlyPro-OEt hydrochloride (0.215 g, 1.074 mmol) and Gly-OEt hydrochloride (0.150 g, 1.074 mmol) in phosphate buffer (0.78 mL, 1.0 M, pH = 8.0) was reacted with papain (50.00 mg). The other reaction conditions and purification method were the same as above.
Blank control reactions for chemoenzymatic polymerization
A solution of GlyProGly-OEt hydrochloride (1.0 g, 3.89 mmol) in phosphate buffer (2.68 mL, 1.0 M, pH = 8.0) was placed in a glass tube equipped with a stirring bar. The final concentration of GlyProGly-OEt was 1.0 M. The mixture was stirred at 40°C and 800 rpm for 2 h using an EYELA ChemiStation PPS-5511 instrument. After 2 h, the reaction mixture was cooled to room temperature. The reaction mixture was lyophilized to obtain the crude for the 1 H NMR measurements, because no precipitate was observed. In addition to GlyProGlyOEt, ValGly-OEt, GlyProGly-OEt/ValGly-OEt and ValProGly-OEt/ ValGly-OEt were used for the blank control reactions.
Post-polycondensation of poly(ValProGly-co-ValGly) using polyphosphoric acid (PPA)
A solution of poly(ValProGly-co-ValGly) (50 mg) in NMP (1 mL) containing lithium bromide (0.0868 g, 1 mmol) was added to polyphosphoric acid (PPA) (0.07 g) placed in a 10 mL flask equipped with a stir bar and a stopcock under a nitrogen atmosphere. The solution was stirred at 120°C for 24 h under nitrogen. After cooling to room temperature, the mixture was poured into water and stirred for 2 h. The precipitate was collected by centrifugation at 9000 rpm and 4°C for 15 min. The crude product was washed with water, centrifuged twice, and lyophilized to afford a brown powder (35%).
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